Kallmann syndrome is characterized by hypogonadotrophic hypogonadism and anosmia. The syndrome can be caused by mutations in several genes, but the X-linked form is caused by mutation in the Kallmann syndrome 1 (KAL1). KAL1 plays a critical role in gonadotropin-releasing hormone (GnRH) neuronal migration that is essential for the normal development of the hypothalamic-pituitary-gonadal axis. Interestingly, KAL1 appears to be missing from the rodent X, and no orthologue has been detected as yet. We investigated KAL1 during development and in adults of an Australian marsupial, the tammar wallaby, Macropus eugenii. Marsupial KAL1 maps to an autosome within a group of genes that was added as a block to the X chromosome in eutherian evolution. KAL1 expression was widespread in embryonic and adult tissues. In the adult testis, tammar KAL1 mRNA and protein were detected in the germ cells at specific stages of differentiation. In the adult testis, the protein encoded by KAL1, anosmin-1, was restricted to the round spermatids and elongated spermatids. In the adult ovary, anosmin-1 was not only detected in the oocytes but was also localized in the granulosa cells throughout folliculogenesis. This is the first examination of KAL1 mRNA and protein localization in adult mammalian gonads. The protein localization suggests that KAL1 participates in gametogenesis not only through the development of the hypothalamic-pituitary-gonadal axis by activation of GnRH neuronal migration, but also directly within the gonads themselves. Because KAL1 is autosomal in marsupials but is Xlinked in eutherians, its conserved involvement in gametogenesis supports the hypothesis that reproduction-related genes were actively recruited to the eutherian X chromosome.
INTRODUCTION
Kallmann syndrome is a genetically heterogeneous disease characterized by hypogonadotrophic hypogonadism and anosmia [1] . Anosmia is due to the aplasia of the olfactory bulbs and tracts, resulting in a defective sense of smell. Hypogonadotrophic hypogonadism manifests as delayed puberty and low serum levels of gonadotropins (follicle-stimulating hormone and luteinizing hormone) [2, 3] . The hypogonadotrophic hypogonadism of the Kallmann syndrome is presumed to be caused by a failure of gonadotropin-releasing hormone (GnRH) neuronal migration from the vomeronasal organ to the forebrain [4] , ultimately resulting in defective gonadal development.
Five genes involved in Kallmann syndrome have been identified [4] , including KAL1 [5] [6] [7] , FGFR1 [8] , PROKR2 and PROK2 [9] , and FGF8 [10] . KAL1 is responsible for the Xlinked recessive form of the disease [5, 6] . Human KAL1 is made up of 14 exons and encodes an extracellular matrix glycoprotein of 680 amino acids called anosmin-1 [6, 7, 11] . Anosmin-1 is a glycosylated extracellular matrix protein that participates in the adhesion, migration, and differentiation of cell types in the central nervous system and interacts with and modulates FGFR1 [12, 13] . Human anosmin-1 contains a cysteine-rich region, a whey acidic protein (WAP) domain, and four fibronectin-like type III (FnIII) repeats [6, 7] that shows high-affinity binding to heparin sulfate [14] [15] [16] . The characterization of a 19-wk-old human male fetus with Kallmann syndrome demonstrated that KAL1 gene mutations lead to a deficiency of the olfactory bulbs and abnormal location of GnRH neurons [17, 18] . Therefore, anosmin-1 plays a central role in axonal guidance and appears to act as the scaffold for GnRH neuronal migration to the hypothalamus during embryogenesis [6, 19, 20] .
KAL1 has a similar role in the chicken, where expression was also detected in the olfactory epithelium and parts of the forebrain [21, 22] , as in the human fetus [18, 23] , inferring that KAL1 plays a conserved role in the development of the hypothalamic-pituitary-gonadal axis during vertebrate embryogenesis [13] . The KAL1 gene is conserved in human, chimpanzee, macaque, dog, cow, horse, pig, Asian musk shrew, and chicken. In addition to the human and chicken, KAL1 gene orthologues have been characterized in zebrafish [24] , Medaka [25] , Drosophila [26] , and Caenorhabditis elegans [15, 27] . There are two KAL1 orthologues both in zebrafish and Medaka, kal1a and kal1b. The two genes are presumed to have arisen by gene duplication [25] . In zebrafish, the protein sequences share 68% identity. The most conserved domains are the WAP-like domain and the first of four FnIII repeats between human and zebrafish as well as between the two zebrafish genes. The expression pattern of the two orthologues is different but slightly overlapping. Taken together, the kal1a and kal1b expression profiles are almost equivalent to that of KAL1 in human and chicken [24] . Knockout of kal1a demonstrated that this gene is vital for the migration of GnRH neurons from the olfactory bulb to the forebrain in the fish Medaka [25] .
Interestingly, a KAL1 orthologue has not been identified in rodents, suggesting that either it has been lost or is so divergent that it cannot be detected [21, 28] . Human KAL1 is located on the portion of Xp22.3 that shares conserved homologues found over the entire murine X chromosome [29] , except that Kal1 is absent. The protein localization of anosmin-1 has been analyzed in some mammalian groups with antibodies to the human protein [30] . Anosmin-1 was detected in olfactory epithelium and olfactory bulbs and other regions of the brain during embryogenesis in the insectivore Asian musk shrew (Suncus murinus) [31] . Visualization of migrating GnRH neurons suggests that the protein plays an important role in the development of olfactory and GnRH systems [31] . Anosmin-1 induces rat olfactory neuronal development during embryogenesis [32, 33] and development of the central nervous system during embryonic and postnatal development [33] . This suggests that an as yet unidentified orthologue of the gene exists within the rodent genome, possibly on an autosome.
Human KAL1 is located close to the pseudoautosomal region of the X chromosome, spanning 2.1 Mb on the distal short arm [6, 7] . From a comparative mapping analysis, this region of the human X chromosome is known to have been derived from autosomes in the last 130-148 million years, after the divergence of marsupials and eutherians [34] . In marsupials, an orthologue of KAL1 has been identified on chromosome 7 of the opossum Monodelphis domestica, a location known to contain the block of genes that are on the short arm of Chromosome 5 in the tammar [35] . Genes localized in this region of the human X chromosome escape X inactivation [1, 7] and play a critical role in spermatogenesis in eutherians [36] . Reproduction-related genes are abundant and biased on the X chromosome [37] . Whether genes acquire sex-related functions after they are recruited to the X chromosome or whether genes with a sex-related function are actively recruited to the X is a topic of continuing debate that underpins our understanding of the mechanisms governing genome evolution [38, 39] .
This study therefore investigated whether a KAL1 orthologue was indeed autosomal in a marsupial divergent from the opossum and whether its expression was consistent with a conserved role in GnRH neuronal migration. We also investigated the expression of KAL1 in the adult gonads and during gonadal development.
MATERIALS AND METHODS

Animals
Tammar wallabies from Kangaroo Island (South Australia) were maintained in open grassy yards in our breeding colony in Melbourne. The day of birth of pouch young was designated as D0. When the day of birth was unknown, their age was estimated using head length from published growth curves [40] . All the sampling techniques and collection of tissues conformed to Australian National Health and Medical Research Council (2004) guidelines and were approved by The University of Melbourne Animal Experimentation & Ethics Committees.
Tissues
Tissues, including brain, pituitary, hypothalamus, olfactory bulb, thyroid, muscle, spleen, heart, lung, liver, kidney, and adrenal, were collected from five adults; mammary glands, uterus, and ovary were collected from three adult female; and epididymides and testes were collected from two adult males. All the tissues were collected under RNase-free conditions. Developing testes and ovaries were collected from fetuses at day 25 of gestation, one day before birth, when the gonad is bipotential, and from the day of birth, D0, and at D2, D9, D12, D20, and D44 after birth (throughout the period of male and female gonadal differentiation, n ¼ 2 at each stage). All the collected tissues for molecular analysis were snap frozen in liquid nitrogen and stored at À808C until use. Tissues for in situ hybridization and immunohistochemistry were fixed overnight in 4% paraformaldehyde, washed several times in 13 phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ; pH 7.4), and stored in 100% methanol before paraffin embedding and sectioning at 8 lm.
Cloning of Tammar KAL1 and Determining Gene Structure KAL1 was initially cloned by RT-PCR using cross-species primers (KF1 and KR1) based on conserved regions of the gene. The resulting 1839 bp PCR product was sequenced and then used to design tammar-specific primers for 3 0 RACE (rapid amplification of 3 0 cDNA ends) and 5 0 RACE to fully clone the KAL1 transcript (the sequences of all the primers are listed in Table  1 ).
SMART (switching mechanism at 5 0 end of RNA transcript) cDNA was reverse transcribed from total RNA of the adult testis of the tammar wallaby, using the SMART cDNA library construction kit (Clontech). Primer 5 0 PCR and primer KR1 were used for 5 0 RACE. Because of an incomplete coding sequence at the 5 0 end, we designed a new primer KR2 as a nested primer according to the first sequence result and repeated the 5 0 RACE. Primer KF1 and CDS III were used for 3 0 RACE, and nested PCR was performed using the KF2 and CDS III primers. PCR cycling conditions were 35 cycles of 30 sec at 958C, 60 sec at 558C, and 120 sec at 728C in a 25 ll reaction with GoTaq Green Master Mix (Promega), 0.4 lM each.
Tammar KAL1 gene structure was determined according to the partial genomic sequence of Macropus eugenii obtained from the trace archives at NCBI (http://www.ncbi.nlm.nih.gov/) to confirm the number and length of the exons.
Phylogenetic Analysis
The KAL1 protein anosmin-1 sequences from human (NP_000207), chimpanzee (XP_520920), horse (XP_001488441), opossum (XP_001381237), platypus (XP_001514907), chicken (P33005), frog (NP_001107160), zebrafish 1a (AAH60938) and 1b (AAF25780), Medaka 1.1 (NP_001098319) and 1.2 (NP_001098189), fruit fly (AF342988), and nematode (NP_493468) were retrieved from GenBank (http://www.ncbi.nlm. nih.gov/). The phylogenetic tree was constructed with PHYLIP 3.68 program (University of Washington) using maximum-likelihood analysis with 100 replicates, and viewed with TREE-view 1.6.6.
Semiquantitative PCR
RT-PCR was used to check the expression pattern of KAL1 in embryonic tissues, developing gonads, and adult tissues. Total RNA was isolated using RNAwiz (Ambion Inc.) according to the manufacturer's instructions. The quality and quantity of total RNA was verified by two methods, gel electrophoresis and optical density reading with a ND-1000 spectrophotometer (NanoDrop). Two micrograms of total RNA was DNase treated with DNase I (Ambion Inc.) for 30 min, and 1 lg of total RNA was reverse transcribed using the SuperScript III kit (Invitrogen).
PCR was performed in a 25 ll reaction with GoTaq Green Master Mix with 0.4 lM of each primer (KF3 and KR3) and first-strand cDNA products. Amplification conditions were: 30 sec at 958C; 30 sec at 558C; 30 sec at 728C for 35 cycles (KAL1) or 25 cycles (18S). Samples were analyzed on a 2% agarose gel for both KAL1 and 18S.
mRNA In Situ Hybridization
Antisense and sense RNA probes were prepared against the region spanning all the introns and labeled with the digoxigenin-UTP RNA labeling kit (SP6/T7; Roche Applied Science) using SP6 and T7 RNA polymerase, respectively, according to the manufacturer's instruction. Tissues were fixed in 4% paraformaldehyde overnight at 48C, rinsed several times in 13 PBS, embedded in paraffin, and sectioned onto polysine slides (Menzel-Gläser). After dewaxing, the sections were washed several times with 13 PBS plus glycine (Sigma-Aldrich, 100 mM), Triton 3-100 (Sigma-Aldrich, 0.3%), and triethanolamine buffer (100 mM triethanolamine, 0.25% [v/v] acetic anhydride, pH 8.0), and then were immediately hybridized at 428C in 43 saline sodium citrate (SSC; 600 mM NaCl, 60 mM sodium citrate, pH 7.2), 10% dextran sulfate (Sigma-Aldrich), 13 Denhardt solution (Sigma-Aldrich), 2 mM ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich), 50% deionized formamide (Sigma-Aldrich), and 500 lg/ml fish sperm DNA (Roche). Hybridization signals were detected by the NBT/BCIP system according to the manufacturer's instructions (Boehringer). Slides were counterstained with 0.1% nuclear Fast Red (Aldrich Chemical Corp.) for 2 min.
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Western Blot
Adult ovary, testis, heart, liver, and developing testes and ovaries (D30-D50 postpartum) were ground in lysis buffer (100 mM NaCl, 5 mM EDTA [Sigma-Aldrich], 10 mM Tris-Cl [Sigma-Aldrich; pH 7.5], 2 mg/ml aminocaproic acid [Sigma-Aldrich], 2 mM phenylmethanesulfonylfluoride [SigmaAldrich]), and the total protein was extracted. Ten micrograms of protein was boiled in sample buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 5% b-mercaptoethanol, and 0.5% bromophenol blue) and subjected to 10% SDS-PAGE and blotted onto Amersham Hybond-P PVDF membrane according to standard techniques (GE Healthcare Bio-Sciences Pty. Ltd.) [41] . Mouse anti-KAL1 polyclonal antibody at a 1:500 dilution in 1% BSA (bovine serum albumin)/TBS-T (TBST buffer: 20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.05% Tween 20) was used as the primary antibody (catalog no. H00003730-A01; Novus Biologicals). The secondary antibody (the peroxidaseconjugated anti-mouse immunoglobulin) was diluted with 1:5000 in 1% BSA/ TBS-T. Signals were visualized by ECL plusTM detection system following the manufacturer's guidelines (GE Healthcare Bio-Sciences Pty. Ltd.).
Immunohistochemistry
Tissue sections (8 lm) were prepared as described above and dewaxed. Antigen retrieval was performed in boiling Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween 20, pH 9.0) for 20 min and treated with 3% hydrogen peroxide in methanol for 15 min. The KAL1 primary antibody was applied to tammar adult gonad tissue sections at 1: 2500 dilution at 48C overnight, and the same concentration of mouse immunoglobulin M was used as the negative control. Signal was amplified using the ABC/HRP kit (DAKO), visualized with 3,3 0 -diaminobenzidine (DAB; DAKO), and counterstained with hematoxylin.
BAC Library Screening and Chromosomal Mapping
To determine the chromosomal localization of KAL1 in the tammar, a Macropus eugenii bacterial artificial chromosome (BAC) library was screened with a-32 P labeled KAL1 1839 bp probe. Prehybridization was performed for 2 h and then hybridized overnight at 658C. Posthybridization were carried out with 23 SSC/0.1% SDS, 13 SSC/0.1% SDS, and 0.13 SSC/0.1% SDS at 658C. The x-ray film was developed at À708C for 2-5 days using autoradiography. Positive BACs were confirmed with RT-PCR.
Chromosome preparations were made from peripheral blood according to standard methods with minor modifications [42] . Chromosome fluorescence in situ hybridization (FISH) was performed as previously described with minor modifications [43] . The BAC genomic DNA was labeled with dUTPdigoxigenin (DIG) by nick translation at 158C for 1.5 h and preblocked with tammar wallaby Cot-1 DNA prior to hybridization. The probe was hybridized to tammar metaphase chromosome, which was then spread at 378C overnight. Hybridization was detected using mouse anti-DIG-FITC (fluorescein isothiocyanate) antibody (1/200; catalog no. 11207741910; Roche). After hybridization, the chromosome preparations were stained with 4 0 ,6-diamidino-2-phenylindole to visualize the chromosomes. Images were taken using a Zeiss microscope.
Southern Blot
Genomic DNA was extracted from both male and female mouse tails and tammar liver according to the manufacturer's instructions (Wizardt genomic DNA purification kit; PROMEGA). Genomic DNA was digested overnight with EcoRI, electrophoresed in 0.8% agarose gel at 48C for 24 h, and then transferred onto a positively charged nylon membrane (Boehringer Mannheim) [41] . Hybridization was performed in hybridization buffer containing 63 SSPE (catalog no. AM9767; Invitrogen), 53 Denhardt solution (SigmaAldrich), 0.5% SDS (Sigma-Aldrich), and 100 lg/ml herring sperm DNA (catalog no. 11467140001; Roche) with [a-
32 P]dCTP-labeled (catalog no. NEG513H001MC; Perkin Elmer) PCR fragment amplified with primer KF1 and KR1.
RESULTS
Characterization and Mapping of the Tammar KAL1 Gene
The full length cDNA of tammar KAL1 (;2090 bp) was completely cloned and sequenced, and produced a predicted protein of 681 amino acids. The tammar KAL1 sequence has been submitted to GenBank (ABL74507). Sequence alignment with genomic sequences from tammar trace archives (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) demonstrated that the tammar KAL1 gene consists of 14 exons (Fig. 1A) . Tammar anosmin-1 contained a hydrophobic signal peptide at the N-terminus followed by a cysteine-rich region, a whey acidic protein domain (WAP), and three FnIII domains followed by a histidine-rich domain (Fig. 1A) .
A phylogenetic tree of anosimin-1 constructed with PHYLIP 3.63 was used to investigate the evolutionary relationships between the orthologues (Fig. 1B) . Anosmin-1 of human, chimpanzee, and horse formed a distinct eutherian group while anosmin-1 in tammar and opossum formed a marsupial group. Platypus anosmin-1 formed a distant branch, and anosmin-1 of chicken, frog, and fish formed a nonmammalian vertebrate group.
A tammar BAC clone containing the KAL1 gene, 97A5 (Macropus eugenii BAC library; ME_KBa, Arizona Genomics Institute), was isolated and confirmed with RT-PCR. FISH mapped the BAC to the short arm of tammar wallaby chromosome 5 (Fig. 1C) .
KAL1 Orthologue Was Not Found in the Mouse
Genomic sequence alignment from several species revealed that there was no identity or similarity in the region making up the KAL1 genomes (data not shown). A Southern CHARACTERIZATION OF KAL1 IN A MARSUPIAL blot was carried out to confirm that the KAL1 orthologue is absent from the mouse, using a tammar KAL1 PCR product that spanned all the introns as a probe (;1.8 kb, GenBank: DQ991133.1). There were two bands of 3 and 4 kb in the tammar genome (Fig. 2 ).There were no bands in either male or female mice.
Tammar KAL1 mRNA Expression During Embryogenesis and Gonadogenesis
At D1-D2 postpartum, KAL1 mRNA was ubiquitously expressed in all the tissues examined (Fig. 3A) . KAL1 was expressed in gonads from before birth, at D2-D3 postpartum when testicular differentiation occurs, and at D7-D8 postpartum when ovarian differentiation occurs (Fig. 3B) . We examined the pattern of KAL1 gene expression in tammar adult tissues. KAL1 gene was expressed in most adult tissues, including brain, pituitary, olfactory bulb, muscle, thyroid, heart spleen, lung, adrenal, kidney, uterus, epididymis, ovary, and testis, but no expression was detected in purified epididymal sperm, liver, mammary gland, pancreas, or hypothalamus (Fig. 3C ).
Tammar KAL1 mRNA and Protein Localization During Spermatogenesis
We analyzed KAL1 mRNA distribution in the adult testis with in situ hybridization. KAL1 gene was specifically expressed in spermatogenic cells in seminiferous tubules (Fig. 4, A-F) . Strong mRNA staining was noticeable in the cytoplasm of early round spermatids (steps 1-5 of spermatogenesis) (Fig. 4 , A-C) and transforming elongated spermatids   FIG. 1 . Characterization of tammar wallaby KAL1. A) Schematic diagram of tammar KAL1 gene structure and anosmin-1 protein structural domains. Tammar KAL1 consists of 14 exons. White blocks denote exons, and numbers above indicate exon length in base pairs. The conserved domains are labeled in tammar anosmin-1. SP, signal peptide; C-rich, cysteine-rich domain; WAP, whey acidic protein domain; FNIII, fibronectin type III repeat; H, histidine-rich domain. B) Phylogenetic tree of anosmin-1 proteins in all the known species. Phylogenies were performed with PHYLIP 3.68 with bootstraps using maximum-likelihood analysis. Numbers along branches indicate reliability of each branch from 100 replicates. C) Tammar KAL1 gene was mapped to the short arm of chromosome 5 (red) near the centromere. Original magnification 3100.
FIG. 2. Southern blot analyses.
Genomic DNA extracted from both male and female wallaby and mouse is digested with EcoRI using as the probe a tammar wallaby KAL1 cDNA product that spanned all the introns. Ten milligrams of genomic DNA is loaded in each lane. Hybridized bands are detected from tammar genome, but no obvious bands are seen from the mouse genome.
FIG. 3. KAL1 gene expressions in tammar tissues.
A) KAL1 is expressed in all the examined developing tissues at D1-D2 after birth. B) KAL1 is detected in every stage of the developing gonads examined from before birth and after birth up to D44. C) KAL1 is present in many adult tissues, including the reproductive system, but not in purified mature sperm. The loading control is 18S rRNA. -ve, negative control.
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(steps 7 and 8) (Fig. 4D) . KAL1 mRNA expression and staining decreased in the late stages of spermatogenesis during sperm tail formation (step 9-13) (Fig. 4E) . While there was no mRNA staining detected in the mature spermatozoa, spermatogonia, and spermatocytes (Fig. 4F) , the localization of KAL1 mRNA suggested that its transcription began and was restricted to postmeiotic stages of spermatogenesis.
Western blot analysis was performed to verify the specificity of the antibody. A single protein of ;75 kDa was detected in all the tissues, with no hybridization to the BSA control (Fig. 5) , confirming that the protein we detected in the tammar tissues was anosmin-1.
Anosmin-1 was restricted to the cytoplasm of spermatogenic cells in the seminiferous tubules of the adult testis (Fig. 6, A-F) . Anosmin-1 protein appeared in early spermatids (Fig. 6, A and B) and stronger staining was observed before the round spermatids transformed into elongated spermatids (Fig. 6C) . A higher level of protein was detected at step 7 of spermatogenesis and continued in the cytoplasm of the elongated spermatids when the nuclear shaping process reached its final stages (Fig.  6, D-F) . When the mature spermatozoa were released into lumen, anosmin-1 was localized in the midpiece of the sperm tail and the residual body during the formation of the mature spermatozoa (Fig. 6F) .
Anosmin-1 Localization in the Adult Tammar Ovary
Tammar anosmin-1 was detected in granulosa cells of the ovary throughout the period of folliculogenesis (Fig. 7, A-C) . Protein staining was cytoplasmic and was most obvious in the flattened granulosa cells of primary follicles and secondary follicles (Fig. 7A) . Very strong staining was also seen in the granulosa cells of tertiary follicles (Fig. 7, B and C) . In the oocyte, the protein was mainly detected in the cytoplasm and the zona pellucida (Fig. 7B ), but there was no staining in the nucleus (Fig. 7D) .
DISCUSSION
KAL1 is a conserved gene found in both invertebrates and vertebrates, and is widely expressed during early development. KAL1 plays an important role in GnRH neuronal migration and olfactory system function during embryogenesis [15, 18, 23, [25] [26] [27] . Tammar KAL1 has a conserved expression profile during early development, suggesting it is important for GnRH neuronal migration, central nervous system development, and gonadal development in humans and other species [30] . However, this is the first examination of KAL1 expression in mammalian adult testes [28, 44] . The KAL1 mRNA and protein localization in the adult testes provide direct evidence that it also participates directly in the process of spermatogenesis and folliculogenesis downstream of signals from the hypothalamicpituitary-gonadal axis. Furthermore, because tammar KAL1 is autosomal, KAL1 presumably had a role in reproduction in mammals before the divergence of marsupials and eutherians and was subsequently recruited to the eutherian X chromosome.
Tammar KAL1 has 14 exons, as in humans, chicken, and fish, showing that this gene is highly conserved. The tammar anosmin-1 amino acid sequence shares 83% similarity with that of the human orthologue and above 70% identity with other eutherian, avian, and amphibian anosmin-1 orthologues. The order of genes within the region of human Xp22.3 differs from those on the mouse X chromosome [29] . Some genes are in the pseudoautosomal region while others reside on the unique portion of the X chromosome, indicating there have been structural rearrangements leading to the divergence of the X chromosome between human and mouse [29] . Our Southern blot results support Hardelin et al.'s [44] conclusion that there is no Kal1 in the mouse genome. However, the presence of anosmin-1 protein in the rat and other rodents and its localization in the olfactory bulb and central nervous system suggests that rodents have a similar mechanism of control of GnRH migration [32, 33] . Therefore, although the homologue of KAL1 has not yet been identified in rodents, the anosmin- 1   FIG. 4 . Distribution of KAL1 mRNA in the tammar adult testis. Hybridization signals (purple-blue) are confined to the cytoplasm of spermatogenic cells in the luminal compartment. KAL1 mRNA is absent in spermatogonia and spermatocytes and present in round spermatids (A-C) (steps1-5) and elongated spermatids (D-E) (steps 6-13), while it is not expressed in spermatozoa (F). Insets in the right bottom images are the high-resolution pictures from each dashed box. Black arrow show the mRNA signal (A-E). Bars ¼ 100 lm. Although there is a putative mouse Kal1 sequence reported from MGI (MGI: 107506; extracellular proteinase inhibitor, Expi), the presence of the Kal1 gene in mouse is still not confirmed. KAL1 is structurally conserved throughout the vertebrates, and all have 14 exons encoding proteins consisting of both the WAP domain and FnIII repeats, while mouse Expi has only three exons encoding only a WAP domain (Fig. 8A ). The WAP domain shows a high degree of identity between all the vertebrates except the mouse EXPI (Fig. 8B) . In addition, mouse Expi is located on chromosome 11. Genes including KAL1 on human Xp22.3 are all exclusively mapped to the mouse X chromosome except mouse Kal1. Anosmin-1 has been reportedly detected in mouse [32] , but the epitope sequence of the antibody that was used is on the second FnIII repeat region, which is absent from mouse Expi. Therefore, mouse Expi cannot be Kal1, and the true identity and location of a mouse orthologue remains to be discovered.
KAL1 expression is ubiquitous in human, chicken, fish, and amphibians as well as invertebrates including worm and fly. Expression of KAL1 is also detected in tammar embryonic tissues, including the brain and reproductive system, suggesting that KAL1 may play a conserved role in gonadal as well as neuronal development during embryogenesis in the tammar as well as in other species [13] . Interestingly, KAL1 mRNA expression in adult tissues has not been examined previously in any species. KAL1 is widely expressed in most adult tammar tissues, including the reproductive system and neural system, reflecting the embryonic expression pattern observed in other species [15, 21, [24] [25] [26] [27] 45] .
Tammar KAL1 mRNA is expressed in undifferentiated gonads before birth, as in humans [13] , and after birth in neonatal gonads at D1-D2 in males and D7-D9 in females, 
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when testicular cords and ovarian cortex and medulla can be distinguished, respectively. After sexual differentiation, KAL1 expression is detected at all the stages examined up to D44, around the time when most female germ cells have entered meiosis and male germ cells are arrested in mitosis. KAL1 may therefore be necessary for the development and function of both male and female gonads.
In the adult tammar testis, KAL1 transcripts were abundant in the cytoplasm of early round spermatids through to the elongated spermatid stage (Fig. 7 , steps 1-13) before they are transformed into mature spermatozoa undergoing drastic morphological changes and are released into the lumen of the seminiferous tubules. No mRNA transcription has been detected in the spermatogonia, primary and secondary spermatocytes, demonstrating that this gene is transcribed postmeiotically. Anosmin-1 protein is localized in the cytoplasm of early spermatids through to the mature spermatozoa stage (Fig. 7, steps 1-13) . Both mRNA and protein show the same localization.
Anosmin-1 is localized to both the residual bodies and the midpiece of spermatozoa that are released into the lumen of the seminiferous tubule (Fig. 7, step 14) . The residual bodies contain mitochondria, endoplasmic reticulum, membranebound vesicles, and lipid droplets. The axoneme is covered and surrounded by mitochondria and a fibrous sheath at the middle piece and principal piece, respectively [46] . Interestingly, the fiber network covering the middle piece is absent in testicular spermatozoa [46] . The protein staining of tammar anosmin-1 is consistent with a mitochondrial distribution on the sperm midpiece so that anosmin-1 could play a structural role in signal transduction to provide energy to assist sperm transformation and mobility [47] . However, while the Nterminal WAP domain of tammar anosmin-1 contains eight conserved cysteine residues forming four disulfide core motifs (Fig. 8) that are common to serine protease inhibitors [48] , the presence of anosmin-1 in tammar testicular spermatozoa may instead have an active role in spermatogenesis through its interactions with FGFR1. Anosmin-1 directly binds to FGFR1 with high affinity involving the N-terminus domains, including the WAP and FnIII domains [49] , and appears to modulate FGFR1 signaling [50] . FGFs are present in elongating spermatids and may be involved in the regulation of spermatogenesis (reviewed in [51] ), and both anosmin and FGFs require interactions with heparin sulfate proteoglycans to function [51] . FGFR1 signaling is required for normal spermatogenesis [52] . Some patients fail to respond to treatment with GnRH, suggesting that disruption of FGFR1 signaling may cause the observed infertility, and points to both a hypothalamic and a testicular component at least in some Kallmann syndrome cases [51] . Our results provide direct support for this suggestion.
Unlike in the adult testis in which anosmin-1 is restricted to the germ cells, the protein in adult ovaries has been observed in both the somatic cells and germ cells. The immunostaining of anosmin-1 in granulosa cells throughout every follicular stage suggests that anosmin-1 may have a direct role in regulating or supporting steroidogenesis or oogenesis. Because FGFs also have known roles in folliculogenesis [53] [54] [55] , anosmin-1 could be acting through FGFs and FGFR1 as seen in males [50 and 51] .
Thus, although there is a fundamental difference in the localization of anosmin-1 between testes and ovaries, in both organs it appears that the gene is critical for regulating gamete production, most likely via FGF and its receptor, FGFR1. This is the first report of KAL1 expression in adult gonads and suggests that mutations in the gene could further affect male and female infertility in the already hypogonadotrophic gonads and may explain the failure of GnRH treatment to reverse the effects of Kallmann syndrome infertility in certain patients.
The eutherian X chromosome is made up of a conserved region and X-added region [56, 57] . Genes on the long arm and proximal region of the short arm of the human chromosome are found on the marsupial X chromosome, showing that this region is highly conserved and represents a suite of genes found on the ancestral X chromosome present in all therian mammals. However, genes on the short arm of the human X chromosome are derived from an autosomal block translocated to the X chromosome when marsupials diverged from CHARACTERIZATION OF KAL1 IN A MARSUPIAL 601 eutherians [34, 58] . KAL1 is located in the so-called recently added region. The eutherian X chromosome is enriched in genes involved in spermatogenesis and reproduction [37, 59] . There are two hypotheses to explain this phenomenon: genes translocated to the X chromosome gained a spermatogenesisspecific function or genes that already had a role in reproduction are favored for recruitment to the X chromosome [59, 60] . The expression of tammar KAL1 mRNA and its protein localization in spermatids is consistent with the latter hypothesis. Thus, KAL1 appears to have had an important role in spermatogenesis and folliculogenesis before it was transferred to the X chromosome in eutherians, supporting the suggestion that the mammalian X chromosome may actively recruit sex and reproduction genes from the genome [34] .
Analysis of marsupial KAL1 confirms a highly conserved function across mammals in regulating GnRH neuronal migration. We have also shown for the first time that in addition to this role, anosmin-1 is dynamically expressed in the germ cells of the testis during spermatogenesis and in the granulosa cells and oocytes in mature ovaries. This suggests that in addition to regulating reproduction through the hypothalamic-pituitary-gonadal axis, KAL1 may work at a local level in the gonads themselves to regulate spermatogenesis and folliculogenesis.
